Cerebral infarction (CI) is a crucial complication of aneurysmal subarachnoid hemorrhage (SAH) associated with poor clinical outcome. We aimed at developing an early risk score for CI based on clinical characteristics available at the onset of SAH. Out of a database containing 632 consecutive patients with SAH admitted to our institution from January 2005 to December 2012, computed tomography (CT) scans up to day 42 after ictus were evaluated for CIs. Different parameters from admission up to aneurysm treatment were collected with subsequent construction of a risk score. Seven clinical characteristics were independently associated with CI and included in the Risk score (BEHAVIOR Score, 0 to 11 points): Blood on CT scan according to Fisher grade ⩾ 3 (1 point), Elderly patients (age ⩾ 55 years, 1 point), Hunt&Hess grade ⩾ 4 (1 point), Acute hydrocephalus requiring external liquor drainage (1 point), Vasospasm on initial angiogram (3 points), Intracranial pressure elevation 420 mm Hg (3 points), and treatment of multiple aneurysms ('Overtreatment', 1 point). The BEHAVIOR score showed high diagnostic accuracy with respect to the absolute risk for CI (area under curve = 0.806, P o 0.0001) and prediction of poor clinical outcome at discharge (P o 0.0001) and after 6 months (P = 0.0002). Further validation in other SAH cohorts is recommended.
INTRODUCTION
Cerebral infarction (CI) is known to be a major cause of poor outcome after aneurysmal subarachnoid hemorrhage (SAH). [1] [2] [3] [4] Rates of CI visible on computed tomography (CT) follow-up scans range between 21% and 65% [5] [6] [7] and is even higher with magnetic resonance imaging, reaching up to 81%. 8, 9 Many predictors of CI have been already reported, frequently with conflicting results: amount of intracranial hemorrhage, 1, 6, 10 angiographic vasospasm, 7, 11, 12 aneurysm location 7 and size, 3 impaired initial clinical condition, 1, 3, 6 higher patient' age, 3 history of diabetes, 3, 9 hyperglycemia, 3,10 history of hypertension, 3 early hydrocephalus, 9 requirement of external liquor drain, 9 global cerebral edema, 1 nocturnal occurrence of SAH, 6 high body mass index, 6 febrile temperature, 3 and systemic inflammation. 13 However, a cumulative analysis of major predictors for CI allowing the assessment of CI probability for the individual patient is still lacking.
The goal of this study was to develop a risk score for early identification of individuals at high risk for CI using clinical characteristics available at the onset of SAH. Furthermore, the ability of this score to predict clinical outcome of SAH was analyzed.
MATERIALS AND METHODS
We analyzed data from a patient database containing 674 consecutive patients admitted to the University Hospital of Freiburg with spontaneous SAH between 1 January 2005 and 31 December 2012. Inclusion criteria were hospital admission with aneurysmal SAH within 72 hours after clinical onset and at least one follow-up CT scan. Collection of patient data and further investigations were performed after the approval of the Institutional Ethics Committee (Ethik-Kommission, Albert-Ludwigs-Universität Freiburg, Registration number: 446/13) and according to its ethical standards on human studies. All persons or their relatives gave their informed consent within the written treatment contract signed on admission to our institution. The study was registered in the German clinical trial register (DRKS, Unique identifier: DRKS00005486).
Subarachnoid Hemorrhage Management
All patients were initially admitted to the neurocritical care unit. Our SAH management policy has been described in more detail previously. 14, 15 Here, we focus on essential aspects.
The bleeding cause was identified within 24 hours after admission. In all, 85% of the cohort underwent digital subtraction angiography (DSA) for diagnostic purposes. In the remaining cases (due to the need for urgent surgery or recently modified diagnostic algorithm), the patients underwent only CT angiography before aneurysm securing. The treatment decision was made after interdisciplinary assessment.
Repeated CT scans were performed: (1) routinely for all patients after aneurysm treatment; (2) selectively in cases with new neurologic deficits or a prolonged state of impaired consciousness.
Acute hydrocephalus after SAH was treated with external ventricular drainage (EVD) allowing continuous monitoring of intracranial pressure (ICP). According to the house regulations, the cutoff for pathologic ICP elevation was set at 20 mm Hg. The patients with good initial condition and benign clinical course who did not require EVD were considered not to have pathologic ICP elevations. 16 Any sustained ICP elevation requiring additional ICP management (conservative/surgical) in the time frame from EVD placement up to the patients' return to our ICU after the aneurysm treatment was included into the risk score.
Data Management
We collected demographic (age, gender), historical (preexisting morbidity), and laboratory (leukocytes, hemoglobin, pH, and blood glucose on admission) data in the database. Only parameters available from patients' admission up to the aneurysm treatment were included for further statistical analyses and recorded in a unique database (Microsoft Access 2010, Microsoft Corporation, Redmond, WA, USA).
Clinical grade on admission was assessed according to Hunt and Hess, 17 clinical follow-up at discharge and after 6 months (±3 months) was evaluated using the mRS (modified Rankin scale). 18 Hunt and Hess grade was dichotomized into good (1 to 3) and poor (4 and 5) grade, mRS score at discharge into favorable (1 to 3) and unfavorable (4 to 6) outcome, with special attention to in-hospital mortality. The mRS score at 6 months was assessed based on clinical information from repetitive hospital stays for control angiography and/or shunt controls, the missing values (42 cases) were replaced using multiple imputation. Any improvement in mRS score since discharge up to the 6 month' follow-up was defined as clinical improvement.
Cerebral infarction was defined as one or more new hypodense abnormalities on CT scan within 6 weeks after SAH. Hypodensities on CT imaging resulting from intracerebral hemorrhage, surgical approach or EVD were excluded. All follow-up CT scans up to 6 weeks after SAH were reviewed by the first author (RJ) blinded at this time for any clinical information.
The severity of subarachnoid bleeding was classified on the initial CT imaging according to Fisher et al 19 with dichotomization into low (1 or 2) and high (3 or 4) grades. In addition, intraventricular hemorrhage was documented in a dichotomized manner (present/absent), as well as quantitatively analyzed using the original Graeb score. 20 If intracerebral hemorrhage was present, then its location and volume according to the formula AxBxC/2 (ref. 21) was recorded.
Angiographic imaging at admission was evaluated with regard to aneurysm characteristics: the number of aneurysms, as well as the size and morphology of the treated aneurysm(s). The presence of an unequivocal narrowing of the arterial vessel lumen on DSA on admission 7 was defined as 'early angiographic vasospasm'.
Finally, the treatment modalities including the treatment of multiple aneurysms and treatment complications were recorded.
Statistical Analysis and Design of the Scoring System
Data analysis was performed with the use of PRISM (version 5.0, GraphPad Software Inc., San Diego, CA, USA) and SPSS (version 21, SPSS Inc., IBM, Chicago, IL, USA) statistical software.
Continuous variables were dichotomized at the mean values (age, aneurysm size, extent of ICH and intraventricular hemorrhage) or at abnormality cutoffs (laboratory parameters). Differences with a P-value of 0.05 or less were considered as statistically significant. Univariate analysis was performed using Fisher exact test. Afterwards, significant variables were included in the multivariate logistic regression analysis to define independent infarct predictors. Missing data (1.27% for radiographic variables from initial CT scan, 15.2% for 'early angiographic vasospasm', 9.34% for 'aneurysm morphology' and 'aneurysm size', and 15.66% for 'admission blood glucose' and 'admission pH values') were replaced using multiple imputation method in SPSS (upon Monte Carlo Markov chain algorithm known as fully conditional specification or chained equations imputation).
Finally, significant predictors from multivariate analysis were used for the development of the infarct risk score as follows: the odds ratios were divided by the smallest coefficient and then rounded to the nearest whole number. Based upon the presence of these risk factors, each patient was assigned a total point value.
The created infarct risk score passed through internal validation using ROC (receiver operating characteristic) curve, the Hosmer-Lemeshow test for goodness of fit for logistic regression models and the bootstrapping method that is now widely regarded as a better validation approach than data splitting. 22 Furthermore, bootstrapping is recommended to gain insight into the likelihood of the model missing important variables, being overfitted or unstable and known to be a fair replacement tool for external validation. 23 Then, the new risk score was compared with Hunt&Hess and original Fisher score with regard to the diagnostic accuracy by means of ROC curves. Finally, the risk score was correlated with CI probability and clinical outcome measurements using linear regression analysis.
RESULTS
Of the 674 consecutive patients with acute aneurysmal SAH, 632 patients met all inclusion criteria. The mean age of patients was 55.1 years (range 21 to 94 years) and 401 of them (63%) were female. Sixty percent of patients were treated with endovascular coiling. In all, 254 of 632 patients (40%) had a favorable outcome at discharge; the in-hospital mortality rate was 19%. The more detailed information on population characteristics is given in Table 1 .
Predictors of Cerebral Infarction on Computed Tomography Scans
and Derivation of the BEHAVIOR Score CI was documented in 320 patients (51%) on 3,070 CT scans performed within 6 weeks after ictus. From a broad list of factors potentially influencing the occurrence of CI (see the results of the univariate analysis under Supplementary materials, available online), seven variables remained significant when analyzed with multivariate logistic regression analysis and were therefore included to the BEHAVIOR risk score ( Table 2 ). Based on their proportional contribution, the following points were attributed to these predictors: three points each for early angiographic vasospasm and pathologic ICP elevation and one point each for higher age, higher Hunt & Hess and/or Fisher grades, treatment of multiple aneurysms and the need for EVD. Accordingly, the CI risk score ranged from 0 to 11 points ( Table 2 ). The mean risk score value was 3.5 points (±2.3). In all, 596 patients (94%) had at least 1 risk factor, 1 patient scored the possible maximum of 11 points.
Predictive Value of the BEHAVIOR Score There was a strong and direct association between the BEHAVIOR score and the CI rates (P o 0.0001, Figure 1 ). Patients with a BEHAVIOR score of 3 had a nearly 50% probability to develop CI after SAH. The CI probability was over 90% in patients scoring 8 points or more (Table 3) . 
BEHAVIOR-infarct risk score after SAH
The internal validation of the BEHAVIOR score with a ROC curve ( Figure 2 ) showed: (1) a wide area under the curve (0.806) indicating diagnostic accuracy of this score for the estimation of CI probability; (2) the superiority of the BEHAVIOR score to Hunt & Hess (area under the curve = 0.747) and Fisher grades (area under the curve = 0.666). The results of the Hosmer-Lemeshow test (P = 0.345) indicated no evidence for poor calibration. The bootstrapping method confirmed the robustness of the score against possible variability.
According to cutoffs of CI probability, the BEHAVIOR score was additionally divided into three levels ( Figure 3 ): low (0 to 2 points, average risk 23.6%), medium (3 to 6 points, average risk 62.3%) and high risk (7 to 11 points, average risk 93.2%) of CI development. The correlations between these groups showed the following OR values: OR = 5.36 (95% confidence interval: 3.69 to 7.77) for medium versus low risk (P o0.0001) and OR = 8.34 (95% confidence interval: 3.27 to 21.27) for high versus medium risk (P o0.0001).
The BEHAVIOR score also significantly correlated with clinical outcome at discharge ( Figure 4A ), in-hospital mortality ( Figure 4B ), and clinical improvement at 6 months after SAH ( Figure 4C ). 
DISCUSSION
Based on clinical and radiologic data from a large cohort of SAH patients, we derived a new risk score for early prediction of CI risk and for the prediction of clinical outcome.
Predictors of Cerebral Infarction after Subarachnoid Hemorrhage
Many potential predictors of CI-both present at admission and occurring during the course of SAH-have been previously reported. 1, 3, 6, 7, [9] [10] [11] [12] [13] Aiming at the development of a clinically meaningful risk score allowing the estimation of CI risk already at the initial stage of SAH, we focused on predictors that are already available early after onset of SAH. Scientific evidence in the literature on the predictive value of admission variables which were identified as independent predictors of CI in our study is very inconsistent. In contrast to the 'typical' cerebral vasospasm that usually begins at the end of the first week after bleeding, 3, 12 little is known about the predictive value of early vasospasm on admission angiography. 1, 24, 25 As our data support the role of early vasospasm as a predictor of CI, we recommend paying particular attention to patients, especially when unconscious, who show angiographic vasospasm on admission DSA.
Elevated ICP is an important consequence of SAH that often results in decreased cerebral perfusion and secondary clinical decline. 26 In our study, patients with sustained elevation of ICP 420 mm Hg despite initial placement of an EVD had significantly higher rates of CI. The crucial role of pathologic ICP in CI development should encourage a more aggressive ICP-managing strategy.
The association of higher age with CI has been reported previously and has been attributed to increased friability of brain tissue, larger SAH volumes resulting from brain atrophy, and a lower ischemic threshold of the elderly brain. 3, 27 Congruent with our findings most authors also acknowledge an independent association between a higher admission grade and CI. 3 The factors acute hydrocephalus, 3, 9, 12, 13, 27 treatment of multiple aneurysms, 28, 29 and the amount of subarachnoid blood on the initial CT scan 3, 7, 12, 30 were significant in the multivariate analyses. Their predictive value for CI is being more controversially disputed in other studies compared with the above-mentioned independent predictors.
Cerebral Infarction Risk Score To date, there are various risk scores targeted to SAH patients to assess the probability of cerebral vasospasm, 31, 32 unfavorable outcome, 33, 34 and occurrence of CI. 35, 36 The most established scores include various radiographic parameters for risk estimation of symptomatic vasospasm beginning with the original Fisher score. 19 The predictive power of later radiologic scores seems to be better. 31, 32, 36 As to other scores, Lee et al 33 recently published the HAIR score for risk stratification of in-hospital mortality after SAH based on Hunt&Hess score, age, the presence of intraventricular hemorrhage, and rebleeding. There is also the Acute Physiologic Derangements Score that was successfully evaluated for the prediction of unfavorable outcome 34 and early CI. 35 The score proposed here presents the first attempt to design a prediction model for CI occurrence after SAH using a combination of demographic, radiographic, and clinical variables on admission, allowing a very early identification of patients at risk for CI. Such a score might prompt a more intensive monitoring of patients or even an earlier start of specific preventive treatment strategies. 37 Development and internal validation of the risk score was performed with established statistical methods, which have been used by other groups. 22, 34 The BEHAVIOR score showed high predictive accuracy both for the radiographic (CI) and for the clinical outcome. In the present cohort, the BEHAVIOR score correlated better with clinical outcome than original Hunt&Hess and Fisher scores alone. The superiority of BEHAVIOR can be explained by the inclusion of a larger number of risk factors contributing to CI development. By this, the BEHAVIOR score reflects the currently favored theory of the multifactorial nature of CI. 4, 38 Besides, all risk factors included in BEHAVIOR are collected and categorized easily compared with other scores. 34 Therefore, it may be a reliable tool for clinicians allowing the early identification of high-risk patients right at the onset of the disease.
Limitations of the Study
After development of the BEHAVIOR score, we used multiple techniques of internal validation. This improves the likelihood of the score to be also useful in another SAH cohorts. Nevertheless, the BEHAVIOR score will need to undergo external validation in other SAH populations to be accepted.
Another limitation is the retrospective nature of this study. All correlated variables were collected from a SAH database, which was generated from an electronic medical history database. This strategy cannot provide the same accuracy as a prospectively enrolled cohort.
Finally, the limitations concerning the documentation of CI must be mentioned. Besides routine CT imaging on admission and postoperatively, all follow-up CT scans were performed only when clinically indicated. This might have led to a detection bias in favor of patients with worse clinical condition, as well as underestimation of asymptomatic infarctions. 39 However we consider that such infarct monitoring was sufficient for the current study goal, as all included patients had at least one follow-up CT scan. Furthermore, we included CT scans up to 6 weeks after SAH to cover the crucial time for CI occurrence. [5] [6] [7] 40 
CONCLUSIONS
The BEHAVIOR score is a new tool for reliable identification of patients at risk for CI early after aneurysmal SAH. This infarct risk score passed internal validation successfully and also allows prediction of clinical outcome after SAH. Further external validation in other SAH cohorts is needed.
AUTHOR CONTRIBUTIONS
Along with the first author (RJ), MR and VV has made substantial contributions to conception and design, acquisition of data, analysis and interpretation of data; RR, MS, WN, and AW has been involved in drafting the manuscript and revising it critically for important intellectual content; KK has participated in designing and performing of the statistical analyses; CT has assisted in the evaluation of radiographic data of patients. All authors read and approved the final manuscript.
DISCLOSURE/CONFLICT OF INTEREST
The authors declare no conflict of interest.
